The multi-scale analysis is an important method for detecting nonlinear systems. In this study, we carry out experiments and measure the fluctuation signals from a rotating electric field conductance sensor with eight electrodes. We first use a recurrence plot to recognise flow patterns in vertical upward gas-liquid two-phase pipe flow from measured signals. Then we apply a multi-scale morphological analysis based on the first-order difference scatter plot to investigate the signals captured from the vertical upward gas-liquid two-phase flow loop test. We find that the invariant scaling exponent extracted from the multi-scale first-order difference scatter plot with the bisector of the second-fourth quadrant as the reference line is sensitive to the inhomogeneous distribution characteristics of the flow structure, and the variation trend of the exponent is helpful to understand the process of breakup and coalescence of the gas phase. In addition, we explore the dynamic mechanism influencing the inhomogeneous distribution of the gas phase in terms of adaptive optimal kernel time-frequency representation. The research indicates that the system energy is a factor influencing the distribution of the gas phase and the multiscale morphological analysis based on the first-order difference scatter plot is an effective method for indicating the inhomogeneous distribution of the gas phase in gasliquid two-phase flow.
Introduction
Gas-liquid two-phase flow widely exists in lots of industry production processes such as petroleum industry, chemical engineering, nuclear and thermal engineering, and so on. The flow structure of gas-liquid two-phase flow significantly affects the accuracy of the flow parameter detection. Thus, investigating the dynamic mechanisms of flow structure transformation in gas-liquid two-phase flow makes a lot of sense for understanding the characteristics of the industry process, optimising the sensor design, and improving the flow rate measurement accuracy of gasliquid two-phase flow.
A large number of scholars have been dedicated to exploring the flow behaviours of gas-liquid twophase flow [1] [2] [3] . As the flow structures encountered in gas-liquid two-phase flow are of extreme complexity arising from the complicated phase interface interaction, it is very difficult to find out the mechanisms of flow pattern transformation. The traditional approaches on flow pattern identification can be classified into direct method and indirect method. The direct method mainly includes the visual method, high-speed camera method, ray attenuation method, and contact probe method. Wallis [4] pointed out that due to complicated reflection phenomena occurred in the complex phase interface, there would be large visual measurement errors while shooting pictures inside fluid even using a high-speed camera. In addition, Barnea et al. [5] utilised multi-probes to detect the changes of flow patterns.
In recent years, flow identification based on the experimental observation data has further developed. According to the power spectrum density distribution of the wall static pressure fluctuation, Hubbard and Dukler [6] analysed the horizontal gas-liquid twophase flow and defined three kinds of flow patterns, namely, separated flow, dispersed flow, and intermittent flow. Jones and Zuber [7] identified the flow pattern of gas-liquid two-phase flow and obtained bubbly flow, slug flow, and annular flow based on the probability density of local void fraction, measured by using X-ray. Vince and Lahey [8] employed transient X-ray attenuation techniques and stated the same conclusion as that of Jones and Zuber. Furthermore, big progress was made in identifying flow patterns based on the differential pressure signal of two-phase flow in the pipe [9] [10] [11] . Thereafter, many other methods, including wavelet analysis [12] [13] [14] , Hilbert-Huang transform [15] , Wigner-Ville distribution [16] [17] [18] , recurrence plot [19, 20] , complex network [21] , and so on were widely used in the analysis of signals obtained from gas-liquid two-phase flow. Besides, the scholars predicted the flow pattern transitional boundaries on the basis of the gas-liquid two-phase flow mechanisms [22] [23] [24] , which, however, are prone to be influenced by the criteria for the flow pattern conversion.
So far the research studies on gas-liquid two-phase flow are almost restricted to flow parameter measurement and flow pattern identification, and there is still a lack of research on the dispersed bubble size and its distribution in the continuous water phase. As for this problem, the feature invariant (fractal dimension, correlation dimension, K entropy, and complex entropy) extracted by the nonlinear time series analysis method can be a sensitive characteristic, which is able to indicate the change of the fluid structure distribution of gasliquid two-phase flow [25] [26] [27] . Moreover, the nonlinear analysis method has been widely used in investigating different kinds of physiological signals in recent years [28] [29] [30] [31] [32] [33] , especially the method of multi-scale distribution entropy analysis [34] combined with differential sequence analysis, which can contribute to understanding the dynamics characteristics of heart rate at time scale.
Our research group combined chaotic attractor morphological analysis [35] [36] [37] [38] and differential sequence analysis, and further applied it to uncover the inhomogeneous distribution of the dispersed droplets in oil-water flows [39] . Hence, we analysed the signals measured from the vertical gas-liquid two-phase experiment using a rotating electric field conductance sensor with eight electrodes. Then the scaling invariant representing the second-order moment in the first-order difference scatter plot was calculated, and the results show that the scaling invariant is an effective indicator for exposing the inhomogeneous distribution of the dispersed phase, comprehending the dynamics phenomena of coalescence and breakup of the gas phase, and exploring the fluid structure of the gas-liquid twophase flow.
Multi-Scale Morphological
Analysis Based on a First-Order Difference Scatter Plot
Multi-Scale First-Order Difference Scatter Plot
The basic principle of a multi-scale first-order difference scatter plot is as follows: first, obtain coarse-grained time series from the original one, and then construct first-order difference sequences at each scale, and finally present the first-order difference scatter plot. The specific algorithm is given as follows [40] . 
where s is the scale factor. In particular, the coarse-grained time series is the original one when s = 1. The length of each coarse-grained time series is equal to the ratio of the length of the original time series to the scale factor s. Then calculate the difference sequence at each scale:
Finally, we can plot the scatter points after the first return of the difference sequence
Reference Section System and Attractor Moment
In order to readily investigate the system movement laws in an N-dimensional space, we construct N orthogonal (N − 1)-dimensional reference sections referred to as the N-orthogonal reference system. For arbitrary N-dimensional phase space, we can obtain N-orthogonal unit vectors through the coordinate origin, which can be expressed as T  1  1 1  1 2  1  T  2  2 1  2 2  2   T  1  2   ( , , , 
where α i (i = 1, 2, …, N) denotes the N vectors, and they are constrained by the following equations:
where 〈•, •〉 and ||•, •|| are the inner product and the 2-norm in Euclidean space, respectively. Then take α i (i = 1, 2, …, N) as normal vectors to determine the N orthogonal reference sections through the coordinate origin: 
T and acquire the expression
For the two-dimensional plane, we constructed the reference sections degenerate into two orthogonal lines, one of which is shown in Figure 1 with the normal vector α 1 = (a 11 , a 12 ) T . The other one is the line a 21 x 1 + a 22 x 2 = 0, which is orthogonal with the line illustrated in Figure 1 at the coordinate origin.
In order to quantitatively describe the morphological characteristics of the first-order difference scatter plot, it is necessary to introduce the definition of distance, that is, the distance from each scatter point to the reference line, which can be expressed as
where X(k) = (x 1 (k), x 2 (k)) is the coordinate of the kth scatter point and k = 1, 2, …, M, M is the total number of scatter points. On the basis of the distance defined in (7), we further define the morphological parameter, that is, attractor moment, for a specific time scale s as
where M i,j (s) is the j-order moment of all scatter points to the i-reference line. The even-order attractor moment indicates the dispersion degree of the scatter points to the investigated reference line, while the odd-order attractor moment corresponds to the symmetry of the scatter points to the investigated reference line. Considering our research objects in this paper, choosing the optimal reference line is of great importance and the key to ensure the correctness of the result. Xiao and Jin [37] concluded that the bisectors of the first-third quadrant and second-fourth quadrant are the two appreciate reference lines in the two-dimensional space which can be used to investigate the two-dimensional attractors of gas-liquid two-phase flow. In terms of our further exploration, we find that it is more appropriate to choose the second-order moment M 1,2 (s) with the bisector of the second-fourth quadrant being the reference line. Figure 2a shows the structure of the rotating electric field conductance sensor with eight electrodes and its sectional view. The sensor consists of four pairs of half-ring stainless steel electrodes flush-mounted on the inside wall of an insulating pipe, whose structure parameters mainly include opening angle, radial thickness, and axial height, which are set to 22.5°, 1 mm, and 4 mm, respectively, with the aid of geometry optimization by ANSYS. Four pairs of electrodes are excited by four sinusoidal signals with the same electric field intensity, but different phase positions, each of them has a lag of 45°. The compound field intensities are the same but its angle changes with time which can be described by φ = wt. Figure 2b presents the schematic diagram of the rotating field and provides the excited method of the rotating field. Each electrode is at a different initial phase, and the variance of electric potential is in accordance with the sinusoidal signal. Thus, the ultimate electric field in the pipe is synthesised by the four electric fields possessing different directions, and its direction changes with time to form a rotating electric field.
Experimental Facility and Data Acquisition

Rotating Electric Field Conductance Sensor with Eight Electrodes
Experimental Facility
The vertical upward gas-liquid two-phase flow experiment is carried out in a multiphase flow loop facility and sensor system in Tianjin University. The schematic diagram of the experimental facility is delineated in Figure 3 . The testing pipe is a 2310-mm organic glass tube with an inner diameter of 20 mm. The rotating electric field conductance sensor is installed at over 1400 mm height from the inlet. The fluid mediums are tap water and air. At normal atmospheric temperature, the density of water and air is 1000 and 1.29 kg/m 3 , respectively. The surface tension between air and water is 0.075 N/m. The transportation and metering of the liquid phase are implemented by means of a peristaltic pump. The gas phase is generated and metered by an air compressor and a rotameter, respectively. Considering the error in the experiment, we adopt the concept of the combined standard uncertainty for error analysis. The accuracy of the peristaltic pump and the rotameter is 1.5 % and 0.2 %, respectively; thus the combined standard uncertainty of the experiment is The measurement circuit and data acquisition system of the rotating electric field conductance sensor with eight electrodes is shown in Figure 4 . The excitation part adopts a direct digital frequency synthesiser chip AD9959, whose frequency control register and phase control register are controlled by a single-chip STC89LV51 to generate four sinusoidal signals with 10 V amplitude, 20 kHz frequency, and different phase positions, each of them has a lag of 45°. Take A-channel for example; first configure AD9959 to obtain the sinusoidal signal, and then amplify and reverse the signal to generate 5sin(ωt) V and −5sin(ωt) V (ω = 2πf = 40000π), which are applied to the A+ electrode and the A− electrode, respectively. The current magnitude of the A+ and A− electrodes is then measured by the voltage of reference resistance R ref to reflect the electrical conductivity of fluid in the pipe. Besides, the voltage effective value of R ref is collected through a true root mean square measurement chip AD637. It is similar for B-channel, C-channel, and D-channel, except for the lag of 45°. The data acquisition device, namely, the PXI 4472 data acquisition card (NI Company, Austin, TX, USA), with the combination of graphical programming language LabVIEW 7.1 is utilised to achieve the display of waveform variations, real-time data acquisition, and on-line data calculating and analysis. The sampling frequency is 2000 Hz, and the signals are recorded for 30 s. According to the above settings, we can obtain the conductance fluctuating voltage signals under five kinds of flow patterns, that is, bubbly flow, slug-bubble transition flow, slug flow, slug-churn transition flow, and churn flow.
Signal Acquisition and Signal Processing
For characterising each component of two-phase flow more effectively, we define that the normalised conductance of gas-liquid two-phase flow G e equals the ratio of gas-liquid mixture conductance δ m to pure water conductance δ w :
where V m and w m V are the mixture measurement voltage for each channel and the mean pure water measurement voltage for the corresponding channel, respectively. On the basis of the normalised conductance sequence, we define the first-order difference conductance ΔG e as follows:
The normalised conductance signals and corresponding first-order difference sequences of typical measurement signals from A-channel are shown in Figure 5a and b, respectively.
According to the measurement principle of the conductance sensor, the changes in the amplitude of conductance senor signals can indicate the size variation of the bubble flowing through the measuring area. More specifically, the amplitude of the conductance sensor signal for a large bubble is low, that is, V m is small, due to which the amplitude of normalised conductance is small. In contrast, the amplitude of the conductance sensor signal for a small bubble is high and the amplitude of normalised conductance is large. When the amplitude of normalised conductance is relatively stable, that is, the bubble size and bubble size distribution in the pipe are relatively homogeneous, the amplitude of the first-order difference sequence will fluctuate slightly near zero. However, when the amplitude of normalised conductance fluctuates heavily, that is, the distribution of the gas phase in the pipe is more inhomogeneous, the amplitude of the first-order difference sequence will fluctuate obviously. Moreover, the fluctuation range increasingly tends to be larger as the distribution of the gas phase becomes more inhomogeneous.
As presented in Figure 5 , the amplitude of normalised conductance possesses the smallest fluctuation for the signal of bubbly flow, which reflects the most uniform bubble size distribution and relatively stable fluid structure. Besides, the first-order difference sequence basically remains around zero. With a few of slightly large bubbles flowing past occasionally, it will result in a little larger amplitude fluctuation. As to slug-bubble transition flow, a few bubbles coalesce to form short gas slugs, but there are still a lot of bubbles existing between liquid slugs; thus the amplitude of the difference sequence becomes larger and the frequency is lower, which represents a more non-uniform distribution of the gas phase. Along with the coalescence of the bubble to the slug, the flow pattern turns into slug flow. The amplitude of the normalised conductance signal now changes sharply when the interface flows through the measuring area, but remains almost constant when gas slugs or liquid slugs flow past. Besides, the fluctuation range of the corresponding first-order difference sequence is more severe, which demonstrates the extremely non-uniform distribution of the gas phase. With regard to slug-churn transition flow, some gas slugs are broken up to gas blocks. Thus the fluctuation frequency of the normalised conductance signal increases, and the duration of the amplitude of the first-order difference sequence remaining around zero lasts rather shorter than that of slug flow with a further increase of the fluctuation range. Churn flow appears as water superficial velocity increases. The gas phase exists as gas blocks scattering in the continuous water phase; thus the difference sequence keeps fluctuating. Compared with slug-churn transition flow, the churn flow is more uniform, which reflects a smaller fluctuation range of the first-order difference sequence.
Identification of Gas-Liquid Two-Phase Flow Patterns
Recurrence plot is a nonlinear time series analysis method, which employs phase space reconstruction to investigate the recursive features of a dynamic system [41] . Generally, this method projects high-dimensional phase space to two dimensions, that is, the two-dimensional recurrence plot can reflect the trajectory of m dimensions. Our research group once employed this method to identify different two-phase flow patterns, and had good results [19] . Thus in this paper we utilise the recurrence plot method to analyse the voltage signals of gas-liquid two-phase flow. The result elucidates that the texture structure of the recurrence plot is pretty clear and obvious. The recurrence plot provides an effective method for gas-liquid two-phase flow pattern identification.
On the basis of Takens embedded theory [42] , we can reconstruct a phase space from an original time series x(i), i = 1, 2, …, n, as follows:
where m is embedded dimensions, τ is the time delay, and N is the number of phase space vectors. The representation of recurrence plots is given as follows:
where Θ(•) is the Heaviside function, ε is the threshold, and ||•|| is the Euclidean norm. When ε − ||L(i) − L(j)|| > 0, R i,j = 1, and when ε − ||L(i) − L(j)|| < 0, R i,j = 0; thus the matrix R i,j consists of the values of 0 or 1 only. The graphical representation for recurrence plots is N × N grid of points, which are presented as black for 1 and white for 0. Texture features in the recurrence plots include scatter points, sections along with the diagonal direction, and sections along with the vertical direction or horizontal direction (they can work together to form rectangular blocks) [41] . The recurrence plot shows scatter points when the system status is isolated or not repetitive. When the trajectory in phase space is parallel to another one, or the trajectories in phase space at different times appear in the same area, the sections along with the diagonal direction are shown in the recurrence plot. When the system status remains unchanged in a period of time or changed very slowly, the corresponding recurrence plot shows black blocks which are formed by the sections in the vertical direction and horizontal direction, which indicates that there presents a periodic and repetitive status in the system. We use the recurrence plot to analyse our experimental signals measured from the eight-electrode rotating field sensor. In the data processing, m, τ, and ε are set to 3, 4, and 0.25, respectively. The recurrence plots and the corresponding local magnified view of identical regions are shown in Figure 6 . Specific results are depicted as follows:
Bubbly flow (U sg = 0.147 m/s, U sw = 0.884 m/s): In Figure 6a , the recurrence plot represents lots of scatter points, which can be explained by the stochastic motion of abundant minute gas bubbles leading to the most random characteristic.
Slug-bubble transitional flow (U sg = 0.147 m/s, U sw = 0.442 m/s): Based on the bubbly flow condition, the transitional flow occurs with the decrease of water superficial velocity. Scatter points still exist, which corresponds to the gas bubbles pasting through the sensor. At the same time, there are some gas slugs as well, which indicates the transition from bubbly flow to slug flow, as shown in Figure 6b .
Slug flow (U sg = 0.147 m/s, U sw = 0.037 m/s): As shown in Figure 6c , the alternating movement of gas slug and water slug leads to the quasi-periodicity of the voltage signal; thus there are many black blocks in the recurrence plot.
Furthermore, it is noteworthy that there exist a few gas bubbles between water slug and gas slug, due to which the recurrence plot still represents some scatter points.
Slug-churn transitional flow (U sg = 0.295 m/s, U sw = 0.295 m/s): When the gas superficial velocity is high, with the increase of the total superficial velocity, slug flow evolves into churn flow. During the flow transition, large gas slugs are broken into small ones and the interface between the water phase and gas phase becomes irregular, which can be reflected by the decrease of black blocks and the increase of lines along the diagonal in the recurrence plot in Figure 6d .
Churn flow (U sg = 0.295 m/s, U sw = 0.589 m/s): When the gas volume is big and the total flow velocities are high, the recurrence plot develops the texture along the diagonal, as shown in Figure 6e . There is some inner certainty in churn flow which leads to the texture lines.
A Scaling Exponent for Indicating the Inhomogeneous Distribution
On the basis of the signal data acquired by the conductance sensor measurement system, we select 20,000 measured points to carry out the multi-scale morphological analysis of the first-order difference sequence, and the maximum scale is set to 80. For the flow where the gas phase distribution is relatively uniform, the scatter points in the first-order difference scatter plot are located more closely to the coordinate origin. The second-order moment is small and it does not change obviously with the increase of scale. However, for the flow where the gas phase distribution is non-uniform, the scatter points in the plot distribute far away from the coordinate origin, which contributes to a relatively large second-order moment. Meanwhile, as the scale increases, the details of flow characteristics are ignored. Gas phase distribution is considered to be more uniform than that at lower scale. Hence, the scatter points gather towards the coordinate origin, and therefore, the second-order moment decreases obviously. When the scale increases to a certain value, the distribution and morphology of scatter points remain basically unchanged, that is, the second-order moment turns almost constant. Thus it is feasible to extract indexes for indicating the inhomogeneous distribution characteristics of the dispersed phase, that is, the gas phase in gasliquid two-phase flow. The evolutions of a multi-scale first-order difference plot constructed with three typical measurement signals from A-channel are shown in Figures 7-9 , representing bubbly flow, slug-bubble transition flow, and slug flow, respectively. The scales are set to 1, 20, 50, and 80. The bisector of the second-fourth quadrant is regarded as the reference line to observe the evolution of scatter points along with the increase of scale on the first-third quadrant. It can be seen from the figures that there is the largest distribution range of scatter points for slug flow, less for slugbubble transition flow, and the least for bubbly flow. At the same time, with increasing scale, the degree of scatter points approaching the coordinate origin is the biggest for slug flow, less for slug-bubble transition flow, and the least for bubbly flow. Specific analysis is given as follows.
The evolution of a multi-scale first-order difference plot of bubbly flow is presented in Figure 7 . Combined with the analysis in Section 3.3, we know that when the water superficial velocity is high enough, the gas phase exists in the form of bubbles, most of which are almost with the same size except several a little larger ones appearing occasionally. As a result, the first-order difference signal presents a continuous fluctuation with the amplitude maintaining a low value, and the corresponding scatter points concentrate near the coordinate origin. Therefore, the distribution area of scatter points in bubbly flow shrinks to the smallest one with the largest degree of the scatter points dispersing towards the second and fourth quadrants. In addition, the scatter points corresponding to the relatively large bubbles appearing occasionally are located far away from the coordinate origin. When the scale s is < 50, the distribution area reduces slightly as the scale increases. However, when the scale exceeds 50, with the increase of the scale, the scatter points exist in almost the same distribution range, which demonstrates the homogeneous distribution in the pipe under bubbly flow.
The result of the evolution of a multi-scale first-order difference scatter plot of slug-bubble transition flow is illustrated in Figure 8 . The explicit behaviour of this flow is relatively short gas slugs flowing past with bubbles dispersed in long water slugs. As a result, the fluctuation of difference sequence exhibits a smaller frequency but larger amplitude. In terms of the corresponding first-order difference plot, for low scales, compared with the bubbly flow, the distribution of scatter points is almost identical with that of bubbly flow, except for its larger distribution area. In other words, the distribution area of scatter points shrinks in the second and fourth quadrants, but extends along with the bisector of the second-fourth quadrant, resulting in a stronger distribution trend than bubbly flow. Similarly, the corresponding scatter points of bubbles concentrate near the coordinate origin, but the corresponding scatter points of short gas slugs distribute away from the coordinate origin. Furthermore, it is noteworthy that the size discrepancies among short gas slugs and bubbles here are much larger than bubbly flow, that is, the degree of inhomogeneous distribution enhances. Thus, the distribution area of scatter points is larger. Meanwhile, with the increase of scale, the distribution area diminishes obviously. Reference line The evolution of a multi-scale first-order difference plot of slug flow is shown in Figure 9 . In slug flow, when there are no gas slugs flowing through the measuring area, the amplitude of the first-order difference sequence fluctuates slightly near zero; thus the corresponding scatter points concentrate near the coordinate origin. When gas slugs flow through the measuring area, the fluctuating range of difference sequence becomes severer; thus the distribution area extends along with the bisector of the first-third quadrant. Besides, with the increase of scale, the distribution area shrinks extremely obviously. That is because the gas distribution under slug flow is extremely non-uniform, where gas slugs and water slugs flow past alternately, resulting in the largest fluctuation range of difference sequence and the largest distribution area with the strongest distribution trend in the plot.
According to the characteristics of the foregoing distributions in the multi-scale first-order difference plot under three typical flow patterns, we extract two indexes, that is, the second-order moment M 1,2 (s) based on the bisector of the second-fourth quadrant as the reference line and the slope of M 1,2 (s) in all scales, to indicate the differences under different flow conditions and to investigate the inhomogeneous distribution characteristics of the gas phase in gas-liquid two-phase flow.
The curves of M 1,2 (s) with increasing scale and its fitted slope in all scales under five typical flow conditions obtained via fixing the gas superficial velocity and increasing the water superficial velocity are shown in Figures 10-12 .
It can be concluded from Figure 10 that when fixing the gas superficial velocity at 0.055 m/s and then increasing the water superficial velocity gradually, long gas slugs are broken up into short ones, corresponding to the conversion process of almost all gas phase with little water flowing in the pipe to gas slugs and water slugs appearing alternately, resulting in more and more inhomogeneous distribution of the gas phase in the pipe and the larger slope value of the corresponding multi-scale second-order moment. In particular, the slope of the second-order moment reaches maximum at U sw = 0.147 m/s, implying the most inhomogeneous distribution of the gas Reference line phase under this flow condition. Continuing to increase the water superficial velocity, as the turbulent energy becomes high enough to break several gas slugs up into bubbles, the degree of inhomogeneous distribution of the gas phase becomes lower and the slope decreases accordingly. With the water superficial velocity further increasing to 0.442 m/s, all gas slugs are broken up into bubbles of almost the same size. As a result, the degree of inhomogeneous distribution of the gas phase becomes the lowest and the slope reaches minimum. Figure 11 exhibits the curves of M 1,2 (s) with increasing scale and its fitted slope when the gas superficial velocity is set to 0.147 m/s and 0.221 m/s, respectively. The variation trend of the curves is similar to that in Figure 10 . However, the gas superficial velocity is higher, which means the gas phase is more difficult to be broken up; thus the slope of M 1,2 (s) will reach the maximum at U sw = 0.295 m/s instead of at U sw = 0.147 m/s. As the water velocity continues to increase to 0.442 m/s, the gas slugs are shortened with more bubbles existing at the same time, and until the water superficial velocity is up to 0.589 m/s, the gas phase suspends in the water phase in the form of bubbles, which are almost with the uniform size. Therefore, the degree of inhomogeneous distribution of the gas phase presents the lowest and the slope of M 1,2 (s) becomes the smallest. The curves of same criterions with the gas superficial velocity set to 0.368 and 0.589 m/s are shown in Figure 12 . Similarly, the slope of M 1,2 (s) increases first and then decreases with the increase of water superficial velocity. But it is impossible for the gas phase to disintegrate into bubbles when the water superficial velocity is up to 0.147 m/s, and thus the flow pattern now is slug-churn transition flow instead of slug-bubble transition flow. Besides, it is difficult for the appearance of a very low slope, that is, the gas cannot be shattered into bubbles in the uniform size. As a result, the degree of inhomogeneous distribution of the gas phase is relatively high at all times.
In order to avoid overlapping of points with the same water superficial velocity and different gas superficial velocity, the relationship between the slope of M 1,2 (s) and gas superficial velocity as well as mixture velocity is provided in Figure 13 , in which the horizontal axis represents the mixture velocity and the vertical axis represents the slope of M 1,2 (s). Additionally, the conditions with the same gas superficial velocity are presented with the same type of line, and different points with diverse shapes and colours symbolise different flow patterns. For the nine points in each line, the water superficial velocity is 0.037, 0.074, 0.147, 0.295, 0.442, 0.589, 0.737, 0.884, and 1.032 (m/s), respectively.
It can be seen from Figure 13 that when the gas superficial velocity is between 0.055 and 0.221 m/s, before the water superficial velocity increases to 0.147 m/s, corresponding to the process of long gas slugs shortened to be short ones, the flow pattern is the slug pattern and the degree of inhomogeneous distribution of the gas phase as well as the corresponding slope of M 1,2 (s) increases. When the water superficial velocity is up to 0.295 m/s, several gas slugs are broken up into bubbles, due to which the degree of inhomogeneous distribution of the gas phase continues to increase and the corresponding flow pattern is slug-bubble transition flow. Continuing to increase the water superficial velocity to 0.442 m/s, though the flow pattern is still slugbubble transition flow, the gas slugs are so short that the degree of inhomogeneous distribution and the corresponding slope is lower. Until the water superficial velocity is up to 0.589 m/s, turbulent energy becomes high enough to break the gas slugs up into dispersed gas bubbles. Thereby, the degree of inhomogeneous distribution of the gas phase shows the lowest and the slope of M 1,2 (s) becomes the smallest. Notably, when the gas superficial velocity is relatively low, particularly at 0.055 and 0.074 m/s, slug-bubble transition flow appears only at U sw = 0.295 m/s, and the bubbly flow occurs at a lower velocity of water. When the gas superficial velocity is between 0.295 and 0.589 m/s, the flow pattern of the first three points is slug flow as well and the slope of M 1,2 (s) increases. However, the turbulent energy breaks up the gas slugs into lots of churns with different sizes instead of bubbles when the water superficial velocity increases to 0.295 m/s. Thus the flow pattern is slug-churn transition flow, and the degree of inhomogeneous distribution of the gas phase increases as well and the slope becomes larger accordingly. With further increment of water superficial velocity, churn flow emerges and the degree of inhomogeneous distribution increases first, and then decreases as the gas churns tend to be with more uniform size, and the slope of M 1,2 (s) becomes smaller accordingly, but still larger than that under bubbly flow.
To shed light on the variation tendency of the slope of multi-scale second-order moment under different flow conditions, we summarise the analysis as follows: (1) The degree of inhomogeneous distribution of the gas phase increases first and then decreases with the increase of water superficial velocity. At lower gas superficial velocity, the gas phase exists in the form of bubbles when water velocity is high enough, leading to the most homogeneous distribution of the dispersed phase in the pipe. As a result, the slope of multi-scale second-order moment is much lower and remains almost constant. However, at higher gas superficial velocity, the gas phase exists in the form of churns when water velocity is high enough. Thus the degree of inhomogeneous distribution is higher and the slope is larger accordingly. (2) The slope of multi-scale second-order moment is different with different gas superficial velocities. At lower gas superficial velocity, due to the uniform structure of the gas phase, the slope is relatively low. On the contrary, when gas superficial velocity is higher, the slope is higher as well. It indicates that gas holdup has a strong influence on the distribution of the gas phase in gas-liquid two-phase flow. (3) The variation tendency of the slope at different gas superficial velocities is similar, which illuminates that the flow structure of the gas phase possesses a certain principle with the increase of water superficial velocity.
To better investigate the inhomogeneous distribution characteristics of the gas phase in gas-liquid twophase flow, we further analyse the conduction fluctuating signals from the energy point of view based on the adaptive optimal kernel time-frequency representation (AOK TFR) [43] . The AOK TFRs of five typical flow patterns are shown in Figure 14 .
For slug flow, the frequency mainly focuses on between 0 and 20 Hz with one or more peaks. The energy exhibits an intermittent feature in the time domain, which corresponds to the intermittent presence of long gas slugs. The frequency band of bubbly flow is quite wide. The energy distribution presents a dispersed characteristic in the time domain, which can be explained by the extremely dispersed bubble in the water phase. Meanwhile, the average energy of bubbly flow is relatively low. In churn flow, there exists obvious frequency peaks associated with the periodic oscillation. The energy distribution is continuous and uniform in the time domain, but have a high value, which corresponds to the flow behaviour that gas slugs pass through the sensor. In slug-bubble transitional flow, because of the movement of minute bubbles, there are no obvious peaks and a more wide frequency band than slug flow but the frequency band is not as wide as bubbly flow. In the AOK TFR plane, high energy and low energy appear alternatively, which can be explained by the behaviour that gas slugs and gas bubbles pass through the sensor alternatively. The frequency of slugchurn transitional flow mainly gathered around 0-20 Hz; however, there is a peak between 0 and 5 Hz. Besides, the frequency distribution is rare before the peak; normally there is a mutation when the signal comes to peak. The energy distribution presents a continuous feature but with occasional low energy. This explains the fact that the flow pattern is not stable in both churn flow and slug flow. On the basis of the AOK TFR plane, we calculate the total energy E, whose value is low when the flow is stable, and vice versa. Correspondingly in Figure 15 , the outcomes reveal that the increasing U sw enhances the total energy in the AOK TFR plane first. The slug flow structure with higher energy leads to more violent signal fluctuations and more inhomogeneous distribution of the gas phase in water phase flow. Slug-bubble transitional flow occurs as the water superficial velocity increases when fixing the gas superficial velocity between 0.055 and 0.221 m/s. The energy increases first because the tremendous turbulent kinetic energy breaks long gas slugs up to short ones and blisters and the system is more unstable. This explains that the degree of inhomogeneous distribution of the gas phase increases at this moment. When the water superficial velocity continues to increase, the energy decreases, which illustrates that the flow tends to be more stable. There are few gas slugs and more gas bubbles. Though the flow pattern is still slug-bubble transitional flow, the degree of inhomogeneous distribution of the gas phase becomes lower relatively. For the gas superficial velocity between 0.295 and 0.589 m/s, the slug flow evolves to slug-churn transitional flow with the increase of water superficial velocity. The total energy is higher than before, which can be explained by the fact that at this moment the gas phase exists in the form of gas slugs and blocks, which corresponds to a more unstable flow structure, leading to higher energy and a more inhomogeneous distribution of the gas phase. For churn flow, the increasing water superficial velocity leads to breakup of gas blocks, resulting in uniform gas block sizes. Thus the flow becomes more and more stable, the energy and the degree of inhomogeneous distribution of the gas phase decrease gradually as well. In bubbly flow, numbers of gas bubbles with the uniform size are distributed randomly in the pipe. In this case, the system is so stable that the energy is the lowest and the degree of inhomogeneous distribution of the gas phase reaches the lowest value.
From Figures 13 and 15 , we find that the trends of the slope of M 1,2 (s) and the total energy in the AOK TFR plane are accordant during the evolvement of gas-liquid twophase flow structure. Besides, the energy is a dynamic factor indicating the system stability and the process of breakup and coalescence of the gas phase. Thus it can be seen that the multi-scale morphological analysis method based on the first-order difference scatter plot can effectively depict the system stability of two-phase flow and can indicate the inhomogeneous distribution of the gas phase in gas-liquid two-phase flow.
Conclusions
The flow structures encountered in gas-liquid two-phase flow are of extremely complex nature, especially for the gas phase which performs a compound inhomogeneous distribution. The measuring signal of a conductance sensor is capable of reflecting the different sizes of the gas phase and its distribution. Its first-order difference sequence therefore can indicate the size variation of the dispersed gas phase more distinctly. Hence, this paper extracts a scale exponent, that is, second-order moment from the first-order difference plot based on the conductance sensor signals measured from gas-liquid two-phase flow, and we conclude that the invariant exponent is sensitive to the inhomogeneous distribution of the dispersed gas phase. In addition, we further explore the dynamic mechanism of gas-liquid two-phase flow by using the 
Time ( AOK TFR from the viewpoint of energy. The conclusions are stated as follows: 1. Fixing gas superficial velocity, the degree of inhomogeneous distribution of the dispersed phase under slug flow enhances with the increase of water superficial velocity. This result is due to the fact that the gas phase exists in the form of large slugs at low water velocity, and as the water velocity increases, some gas slugs are broken up into short ones, exhibiting gas slugs and water slugs appearing alternately.
2. For churn flow, when fixing gas superficial velocity and increasing water superficial velocity gradually, the size of gas churns in churn flow tend to be more and more uniform, due to which the degree of inhomogeneous distribution of the dispersed phase decreases. 3. In bubbly flow, the water superficial velocity is so high that the gas phase is broken up into bubbles in the uniform size. As a result, the degree of inhomogeneous distribution of the dispersed phase is much The unit of U sg and U sw is m/s. 
